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Abstract: Er3+-doped Ba0.85Ca0.15Ti0.9Zr0.1O3 (xEr–BCTZ, x = 0, 0.005, 0.01, 0.015) multifunctional
thick films were prepared by the tape-casting method, using sol–gel-derived nano-sized powders as
the matrix material. The surface morphologies, photoluminescence, and electrical properties were
investigated. Dense microstructures with pure perovskite structure were obtained in the thick films.
By doping an appropriate amount of Er3+, the samples exhibit superior up-conversion photoluminescence
performance and simultaneously enhanced electrical performances. In addition, relatively higher
texture fractions (with the largest value of 83.5%) were realized through introducing plate-like
BaTiO3 templates to make the thick film grow by the [001]c orientation. And the ferro-/piezoelectric
properties of the thick films were further improved, showing potential in the applications of
micro-optoelectronic devices.
Keywords: thick films; texture; ferroelectric; piezoelectric; photoluminescence

1

Introduction

Recently, optoelectronic multifunctional materials
combining with piezo-/ferroelectric and luminescent
features have attracted considerable attention by virtue
of their potential electrical–optical coupling applications,
such as data storage, power generation optical
telecommunication, and remote sensing [1–5]. Over the
past 60 years, lead-based Pb(Zr1–xTix)O3 (PZT) ceramics
have governed the market of piezoelectric materials
and devices. However, in face of environmental and
health issues of toxic lead from PZT-based materials,
people have been dedicated to searching alternative
* Corresponding author.
E-mail: wuxiao@fzu.edu.cn

lead-free piezoelectric materials [6]. (Ba1–xCax)(Ti1–yZry)O3,
a lead-free solid solution based on barium titanate
(BaTiO3, abbreviated as BT), has achieved a breakthrough
owing to the ultra-high piezoelectric coefficient (d33 =
620 pC/N that comparable to PZT ceramics) [7]. By
constructing the morphotropic phase boundary (MPB)
from a tricritical triple point of rhombohedral, tetragonal
and cubic phases, the optimal composition is x = 0.15
and y = 0.1, i.e., Ba0.85Ca0.15Ti0.9Zr0.1O3 (abbreviated as
BCTZ), which also exhibits excellent ferroelectric and
dielectric properties, such as relatively high remnant
polarization (Pr), small electric coercive field (Ec), and
large dielectric constant (εr).
Apart from ceramics, thick films (with the thickness
ranging from 1 to 100 μm) have played vital roles since
they commonly exhibit similar electrical properties
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compared to ceramic bulks and can also fill the gap
between ceramic counterparts and thin films. For
piezo-/ferroelectric materials, thick films can withstand
larger electric field to obtain greater polarization,
benefitting in improving both piezoelectricity and
ferroelectricity. Thus, exploring high-performance
lead-free piezoelectric thick films has become
imperious requirements for micro-devices such as
microelectromechanical systems (MEMS) due to the
drive for miniaturization, high power/sensitivity, and
system integration [8–10]. Massive efforts have been
made to enhance the properties of various lead-free
piezoelectric thick films, for instance, bismuth sodium
titanate (BNT) [11,12], potassium sodium niobate (KNN)
[13–15], and BT [16–19]. However, high-performance
BCTZ thick films are difficult to be fabricated by the
conventional routes. Tape-casting method is usually
utilized to fabricate substrate-free thick films with
crystallographic texture. And tape-casting-derived
textured BCTZ thick films with superior electrical
performance can be achieved via a templated grain
growth (TGG) process [20–22]. Plate-like BT templates
with suitable aspect ratio are considered as a good
candidate for preparing textured BCTZ ceramic bulks
with high texture fraction (up to 98%), exhibiting
significant enhancement of piezoelectric properties [20].
Therefore, the plate-like BT templates can be adopted
to fabricate BCTZ-based textured thick films.
Currently, luminescent ferroelectric ceramics involving
rare-earth ions (as the activator) and ferroelectrics (as
the host) are widely studied to pursue the multifunctional
properties [23,24]. For example, the Pr3+-modified BCTZ
ceramics that possess the coexistence of rhombohedral
and tetragonal phases near room temperature display
enhanced ferroelectric and piezoelectric responses as
well as energy harvesting characteristics, exhibiting an
outstanding figure of merits [25]. In addition, the
Er3+-doped BCTZ-based ceramics own reversible
photochromism behavior, optical temperature sensing
performance, and vacancy-controlled tunable optoelectronic properties [26–28]. Nevertheless, to the best
of our knowledge, luminescent ferroelectric thick films
have rarely been touched. If high-performance thick
films can be achieved, the multifunctional applications
in micro-optoelectronics will be broadened.
In the present work, Er3+-doped BCTZ thick films
were fabricated by tape-casting method. The relationship
between performance (including piezoelectric, ferroelectric,
dielectric, and up-conversion (UC) photoluminescence

(PL) properties) and structure (crystal structure and
microstructure) were systematically studied. Meanwhile,
we obtained highly (100)-oriented Er3+-doped BCTZ
multifunctional thick films with improved electrical
performances through the TGG process, which can
promote the miniaturization of optoelectronic components
and corresponding devices.

2
2. 1

Experimental
Preparation of the tabular BaTiO3 templates

Preparations of plate-type BaTiO3 (BT) template by
two-step molten salt method have been reported in the
literatures [29]. To synthesize Bi4Ti3O12 (BIT) precursor
particles, Bi2O3 (99.99%, Aladdin Reagent Co. Ltd.,
Shanghai, China) and TiO2 (99.99%, Aladdin Reagent
Co. Ltd., Shanghai, China) were firstly mixed with
molten salt (KCl, 99.5%, Aladdin Reagent Co. Ltd.,
Shanghai, China) and calcined at 1000 ℃ for 4 h. Then
the product was washed repeatedly with hot deionized
water to remove the unreacted KCl. Secondly, the
obtained BIT and excessive BaCO3 were mixed gently
by magnetic stirring in ethyl alcohol at room temperature.
And the molar ratio of BIT to BaCO3 was 1:10 according
to the reported applicable BT templates with appropriate
size (lengths/widths around 5–12 μm) and thickness
(about 0.5–1.2 μm) [20,29]. Then equal weight of NaCl
(99.5%, Aladdin Reagent Co. Ltd., Shanghai, China)
and KCl was added with a molar ratio of 1:1 to prepare
plate-type BT particles (templates). The synthesizing
temperature was 1000 ℃ and the dwell time was 3 h.
2. 2

Fabrication of randomly oriented and textured
xEr–BCTZ thick films by TGG

The 10 wt% BT textured BCTZ thick films doped with
x mol Er3+ (xEr–BCTZ, x = 0 (T), 0.005 (T), 0.01 (T),
and 0.015 (T), where “T” is the abbreviation of “textured”)
were prepared by the tape-casting method. Firstly,
nanosized xEr–BCTZ matrix powders were synthesized
by the sol–gel process using Ba(CH3COO)2 (99.99%,
Aladdin Reagent Co. Ltd., Shanghai, China),
Ca(CH3COO)2·H2O (99%, Aladdin Reagent Co. Ltd.,
Shanghai, China), Ti(OC4H9)4 (99%, Aladdin Reagent
Co. Ltd., Shanghai, China), Zr(OC3H7)4 (99%, Aladdin
Reagent Co. Ltd., Shanghai, China), and Er(NO3)3·5H2O
(99.9%, Aladdin Reagent Co. Ltd., Shanghai, China) as
the raw materials. Acetate acid (99.5%, Xilong Scientific
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Co., Ltd., China) and 2-methoxyethanol (99%, Sinopharm
Chemical Reagent Co., Ltd., China) were used as the
co-solvents and acetylacetone (99%, Sinopharm
Chemical Reagent Co., Ltd., China) was acted as the
chelator. Afterwards, the above chemicals were dissolved
by classification, mixed and stirred to form stable
xEr–BCTZ sols. After that, the sols were dried in oven
for 12 h and ground to fine gel powders, and then
calcined for 2 h at 900 ℃ in air to synthesize the
xEr–BCTZ matrix powders. Meanwhile, ethyl alcohol
(99.5%, Sinopharm Chemical Reagent Co., Ltd., China)
and butanone (99%, Sinopharm Chemical Reagent Co.,
Ltd., China) were mixed in a volume ratio of 2:1 to
obtain the solvent. And the xEr–BCTZ matrix powders
and 10 wt% plate-type BT templates were mixed with
solvent, dispersant (triethanolamine, 99.5%, Sinopharm
Chemical Reagent Co., Ltd., China), binder (polyvinyl
butyral, 99.5%, Sinopharm Chemical Reagent Co.,
Ltd., China), and plasticizer (dioctyl phthalate and
polyethylene glycol with the purities of 99.5% from
Sinopharm Chemical Reagent Co., Ltd., China) by
stirring magnetically for 24 h to form stable slurry.
Subsequently, tape-casting technique was used to align
the BT templates and prepare green tapes. These tapes
were diced and stacked together to desired thickness
and size, and then pressed into thin plates with a
thickness ~100 μm at a pressure of 150 MPa, followed
by organics removal process at 800 ℃ for 2 h. Finally,
the samples were sintered at 1400 ℃ in air for 4 h to
obtain grain oriented (textured) xEr–BCTZ thick films.
During the sintering stage, only grain growth of
xEr–BCTZ occurred without reacting with the BT
templates. And the preparation process belongs to the
TGG method. For comparison, we also synthesized
randomly oriented xEr–BCTZ thick films (xEr–BCTZ,
x = 0 (R), 0.005 (R), 0.1 (R), 0.015 (R), where “R”
stands for “randomly oriented”) by the same route.
2. 3

method was utilized to measure the densities of the thick
films. PL emission spectra were recorded by a 980 nm
laser using a spectro-fluorometer (Ocean Optics USB4000,
HORIBA Jobin Yvon, Paris, France). Au electrodes were
sputtered on both surfaces of samples before the electrical
tests. Piezoelectric coefficient d33 and polarization–electric
field (P–E) loops of the thick films were measured by
a quasi-static piezoelectric meter (YE2730-A, Jiangsu
LIANNENG Electronic Technology Co. Ltd., Yangzhou,
China) and a ferroelectric test system (TF Analyzer
2000, aixACCT, Germany), respectively. Temperature
dependences of dielectric constants (εr) and dielectric
losses (tanδ) were tested by an impedance analyzer
(HP4294A, Agilent Technology (China) Co., Ltd.,
China).

3

Results and discussion

Figures 1(a)–1(d) show the SEM images of the
xEr–BCTZ powders calcined at 900 ℃ for 2 h. The
particle sizes of the xEr–BCTZ powders are fine and
some agglomerations are inevitable. As shown from
the XRD patterns (Fig. 1(e)), all the powders possess
pure perovskite structure without obvious impurity
phase. And the broadening of XRD peaks indicates

Characterization

Purity and crystal structures of the BT templates,
randomly oriented and textured xEr–BCTZ thick films
were characterized by the X-ray diffraction (XRD)
analysis (Rigaku Ultima III, Japan). Morphologies and
microstructures of specimens were observed by the
field-emission scanning electron microscopy (FESEM,
Zeiss Supra 55, Carl Zeiss Optics co., Ltd., Germany).
The morphology of pure BCTZ powders was also
obtained using a transmission electron microscope
(TEM) (FEI Talos F200i, USA). Archimedes drainage

Fig. 1 (a)–(d) SEM images of the xEr–BCTZ powders:
(a) x = 0, (b) x = 0.005, (c) x = 0.01, (d) x = 0.015. (e)
XRD patterns of xEr–BCTZ powders calcined at 900 ℃
for 2 h. (f) TEM image of the pure BCTZ powders.
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fine powders induced by the sol–gel method. To
demonstrate the morphology and size distribution of
calcined powders, the TEM image of the pure BCTZ
powders (taking as the typical example) was observed,
as shown in Fig. 1(f). It can be seen that the size
distribution of the BCTZ particles is in the range of
30–60 nm. The fine powders with pure phase lay the
foundation for subsequent preparation of high-quality
xEr–BCTZ thick films.
Figure 2 shows the XRD pattern and SEM micrograph
of the BT template. All the sharp diffraction peaks
belong to tetragonal BaTiO3 with the perovskite structure
(JCPDS No. 75-0583), suggesting that the obtained
product is well-crystallized pure phase. Besides, the
(100) and (002) diffraction peaks develop obviously,
indicating that the BT templates grew along the [001]c
direction. The BT particles (inset of Fig. 2) show
plate-type morphology with the lengths/widths of 6–12
μm and thicknesses of 0.5–1 μm. It can be predicted
that those BT templates with large aspect ratio can be
easily aligned and oriented during the casting process.
The XRD patterns of the randomly oriented and
textured xEr–BCTZ thick films are presented in Fig.
3(a). All of them exhibit pure perovskite structure without
additional diffraction peaks of impurities except for x =
0.015 (R), i.e., the randomly oriented thick film with
the Er3+ content of 1.5 mol%. It indicates that Er3+ has
diffused into the BCTZ lattice for all the specimens. A
small amount of secondary phase (CaTiO3) can be
observed in x = 0.015 (R), whereas no secondary phase
can be detected in x = 0.015 (T). According to the
similar ionic radius, Er3+ (0.122 nm, coordination number
CN = 12) may preferentially occupy the A-sites of Ba2+
(0.161 nm, CN = 12) and Ca2+ (0.134 nm, CN = 12)
[28]. However, the incorporation of excess Er3+ (e.g.,

Fig. 2 XRD pattern of the BT template particles (inset is
the corresponding SEM image).

x = 0.015) will reduce the solubility limit of Ca in
BaTiO3, resulting in producing the CaTiO3 secondary
phase. For randomly oriented xEr–BCTZ thick films,
the (110) diffraction peak (~32°) is the strongest while
the [001]c peaks (~22°) are weak. With increasing x,
the splitting of two close (002) and (200) peaks becomes
more obvious (lower part of Fig. 3(b)), suggesting the
enhancing stability of tetragonal BCTZ phases.
Meanwhile, the (002) and (200) peaks shift towards
higher angles as x increases, owing to the lattice
shrinkage induced by more substitutions of smaller
Er3+ in the A-sites of BCTZ [30]. On the other hand,
for the BT templated xEr–BCTZ thick films, the intensity
of [001]c peak (~22°) significantly increases accompanied
by the decrease of non-[001]c peak intensities, indicating
that the preferred crystallographic orientation of the
templated xEr–BCTZ is along the [001]c direction. And
a relatively high [001]c texture fraction of 83.5% is
obtained in x = 0.01 (T), which is higher than other
textured thick films (~60%). Probably due to relatively
large size of BT templates (~10 μm) and relatively thin
samples (with the thickness of ~100 μm), the texture
fractions of the xEr–BCTZ thick films are lower than
the reported textured BCTZ ceramic bulks (> 90%)
[20]. It is predictable that if the thicknesses of the
samples increase or the TGG process can be optimized,
the texture fraction of xEr–BCTZ may further enhance.
Additionally, there is no distinct deviation of the (002)
and (200) peaks around 45.3° with increasing x (upper
part of Fig. 3(b)), different from the randomly oriented
thin films. It is known that the Ba content in the BCTZ
system may influence the cationic occupation. With the
introduction of BT templates in BCTZ, the ratio of
Ba/Ca increases along with excess Ba2+, thus Ca2+ can

Fig. 3 (a) XRD patterns of randomly oriented and
textured xEr–BCTZ thick films; (b) zoomed XRD
patterns at 2θ around 45.3°.
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partly shift from the Ba2+-site to the Ti4+-site [31].
Smaller Er3+ (compared with Ba2+ or Ca2+) in the
A-site and a handful of larger Ca2+ (compared with Ti4+)
in the B-site coexist in the BT templated xEr–BCTZ
thick films, leading to constant positions of diffraction
peaks.
Figure 4 shows the microstructures (surface and
cross-section morphologies) of the xEr–BCTZ thick
films. All of the specimens exhibit dense microstructures
with the relative densities of > 90% (as given in Table
1). With the increase of Er3+ content, the average grain
sizes of the randomly oriented xEr–BCTZ thick films
decrease from 18.2 to 10 μm, giving the reducing
factor of 45% (Table 1). As Er3+ occupies the A-sites
by substituting for Ba2+ or Ca2+ (based on the XRD
result from Fig. 3), the donor-doping behavior of Er3+
will induce cation vacancies, which accumulate at grain
boundaries to hinder their movement during densification,
resulting in inhibiting the grain growth [32]. While for
the textured xEr–BCTZ thick films, the decreasing
amplitude of grain size with x is relatively smaller
(from 28.1 to 21.6 μm as listed in Table 1), giving the
reducing factor of 23%. As aforementioned that in BT
templated thick films, partly Ca2+ can occupy the Ti4+-site,
acting as the acceptor to weaken the donor effect of
Er3+ and then partially promote the grain growth.
Therefore, the textured xEr–BCTZ thick films own
larger grains than their non-textured counterparts. It is
interesting that there are many small and cube-shaped
grains (with the mean size of ~500 nm) precipitated in
the x = 0.015 (R) sample (Fig. 4(g)), corresponding to
the CaTiO3 secondary phase as detected by XRD (Fig.
3). The CaTiO3 grains preferentially gathered at the
grain boundaries and the movement of grain boundaries
could be partly hindered during densification, resulting
in suppression of grain growth and then smaller grains
in the randomly oriented 0.015Er–BCTZ sample. In
addition, the cross-section images of randomly oriented
and textured xEr–BCTZ thick films are given, taking
x = 0 (R) (inset of Fig. 4(a) and x = 0 (T) (inset of Fig.
4(b)) as the examples. The thickness of each thick film
is about 100 μm. Besides, the textured thick films
contain more and larger pores than the non-textured
ones, demonstrating that the addition of BaTiO3
template is easy to bring anisotropy of the thick films
and then increases the difficulty of densification. As a
consequence, the relative densities of textured xEr–BCTZ
thick films are lower than those of non-textured ones
(Table 1). For dense textured BCTZ-based ceramic

Fig. 4 SEM images of randomly oriented and textured
xEr–BCTZ thick films: (a) x = 0 (R), (b) x = 0 (T), (c) x =
0.005 (R), (d) x = 0.005 (T), (e) x = 0.01 (R), (f) x = 0.01
(T), (g) x = 0.015 (R), (h) x = 0.015 (T). Insets of (a) and
(b) show the corresponding cross-section images of x = 0
(R) and x = 0 (T), respectively. Inset of (g) is the partial
enlarged image of x = 0.015 (R).
Table 1 Relative densities and average grain sizes of
randomly oriented and textured xEr–BCTZ thick
films
x
Relative
density (%)
Average grain
size (μm)

0

0.005

0.01

0.015

Randomly oriented

95.5

96.5

97.8

97.8

Textured

93.7

95.5

94.5

94.9

Randomly oriented

18.2

15.0

13.2

10.0

Textured

28.1

25.8

22.2

21.6

bulks, polishing and thermal etching of fracture surfaces
were commonly utilized to observe the specific
morphology and microstructure from the view of
cross-section [20]. However, the sample treatments on
the fracture surface of xEr–BCTZ thick films were
difficult to perform because their thicknesses are only
~100 μm. As a result, grain boundaries and morphologies
of BT templates can hardly been observed in the
cross-section SEM images of the xEr–BCTZ samples.
The UC PL properties of the randomly oriented and
textured xEr–BCTZ thick films were investigated.
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Under the excitation of 980 nm laser, room-temperature
UC emission spectra of the thick films are displayed in
Fig. 5. Similar to other Er3+-doped BT-based materials
[28,33], there are three emission bands, i.e., two strong
green emission bands centered at 525 and 550 nm
associated with 2H11/2/4S3/2 → 4I15/2, and one weak red
emission band of 660 nm corresponding to 4F9/2 →
4
I15/2 transition from Er3+. The Stark splitting of the 4f
energy-levels of Er3+ occurs under crystal field due to
the interaction between Er3+ and the BCTZ host [34],
leading to a remarkable split of three or four peaks for
each emission band. All the specimens show similar
PL spectral shapes. The inset of Fig. 5 shows the Er3+
content dependent change of normalized PL intensities
for the 550 nm green emission of the xEr–BCTZ thick
films. As x rises, the PL intensities of both textured
and non-textured thick films tend to increase first and
decrease later, giving the maximum value at x = 0.01.
Owing to the synergistic effect of impurity phase and
concentration quenching of Er3+, the UC emission
intensities of the thick films with x = 0.015 exhibit
substantial decrease (compared to x = 0.01). In addition,
the PL intensities of textured thick films are weaker
than those of the non-textured ones. Two possible
reasons can be responsible for the phenomenon. At a
fixed Er3+ concentration, both the crystal symmetry and
sample quality are responsible for the PL intensity.
Owing to higher anisotropy around activator, the
textured luminescent thick films usually exhibit stronger
PL intensity than non-textured ones. Neverthless, the
PL intensities of textured xEr–BCTZ thick films are
weaker than those of randomly oriented ones (the inset
of Fig. 5), which can be attributed to lower relative

Fig. 5 Up-conversion PL emission spectra of randomly
oriented and textured xEr–BCTZ thick films under the
excitation of 980 nm. The inset shows the change of
normalized PL intensity (at 550 nm) as a function of x.

densities (Table 1) and more pores (inset of Fig. 4(b))
that are easy to scatter more light during the PL process.
As a consequence, the emission intensities of textured
thick films are lower.
The temperature dependences of εr and tanδ of the
randomly oriented and textured xEr–BCTZ thick films
are given in Figs. 6(a) and 6(b), respectively. Due to
local component fluctuation and charge imbalance caused
by Er3+-doping, the broad dielectric maxima (for both
εr and tanδ) are observed in all the specimens, indicating
the diffuse ferroelectric–paraelectric (tetragonal–cubic)
transition (corresponding to the Curie temperature TC).
Only one dielectric anomaly can be observed for each
specimen, manifesting that the thick films possess
tetragonal phase at room temperature, which agrees
well with the XRD results (Fig. 3). The TC values of two
thick films gradually decrease as the Er3+ concentration
increases (Table 2). According to the XRD analysis
(from Fig. 3), lattice contraction occurs with increasing
x in randomly oriented thick films as smaller Er3+
substitutes for the Ba2+ or Ca2+ site. Thus, the lengths
of Ti–O bonds become shorter and less energy is
required to induce the phase transition from ferroelectric
to paraelectric [35]. As a result, the phase transition
can take place at lower temperature and TC decreases
with increasing x. On the other hand, the decrease in
grain size will increase the internal stress and then reduce
TC [35]. It can be found that the change tendency of TC
is similar to that of average grain size, as compared
with the data in Table 1 and Table 2. In addition, the
characteristics of dense and fine-grained can enhance
the dielectric properties [36,37], i.e., increasing εr and
decreasing tanδ. Overall, the randomly oriented
xEr–BCTZ thick films exhibit larger εr and smaller tanδ
compared with the textured counterparts. And tanδ of
the randomly oriented thick films are ~0.03 at room
temperature, comparable to those of BCTZ ceramics. A
modified Curie–Weiss law [38] is commonly used to
characterize the degree of diffuseness:
(1)
1/εr = 1/εm + (T – Tm)γ/C
where C is a constant, Tm is the temperature of maximum
εr, and εm is the maximum value of εr. The relationship
between ln(1/εr – 1/εm) and ln(T – Tm) of randomly
oriented and textured thick films are shown in Figs. 6(c)
and 6(d), respectively. The slope obtained by fitting the
curve with the least-square method is equal to γ (the
diffusion coefficient). And the fitting results show that
most of the γ values are about 1.6 (between 1 and 2),
suggesting the relaxor-like characteristic [39].
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Fig. 6 (a, b) Temperature dependences of εr and tanδ of randomly oriented and textured xEr–BCTZ thick films; (c, d) ln(1/εr –
1/εm) as a function of ln(T – Tm).
Table 2 TC of randomly oriented and textured
xEr–BCTZ thick films
x
TC (℃)

0

0.005

0.01

0.015

Non-textured

89

86

82

71

Textured

96

93

89

81

Figures 7(a) and 7(b) show the ferroelectric P–E
hysteresis loops of randomly oriented and textured
xEr–BCTZ thick films measured at 10 Hz under a
maximum electric field of 4 kV/mm. All the specimens
exhibit well-saturated and pinched hysteresis loops at
room temperature. The coercive field Ec slightly
increases with x (Fig. 7(c)). Since the degree of charge
imbalance enhances with Er3+ concentration, more
vacancies will produce to keep charge balance, gathering
in low-energy domain walls and thus inhibiting the
polarization switching to increase the Ec values [40].
Meanwhile, the remnant polarization Pr increases first
and then decreases, showing that the ferroelectricity of
xEr–BCTZ thick films can be improved by introducing
a proper amount of Er3+. As shown in Fig. 7(d), the
changes of d33 with x display similar tendencies of Pr.
The thick films with x = 0.005 or x = 0.01 (for both
textured and non-textured samples) exhibit highest d33.

It is known that the piezoelectric performance of thick
films can be affected by density, grain size, texture
fraction as well as composition. All in all, compared to
randomly oriented counterparts, the textured thick films
have larger Pr, smaller Ec, and higher d33, implying that
the motion of domain walls and polarization switching
are easier to achieve. For instance, the Pr and d33 values
of 0.005Er–BCTZ increases from 9.21 μC/cm2 and 300
pC/N (randomly oriented thick film) to 12.45 μC/cm2
and 343 pC/N (textured thick film), respectively (Fig.
7(d)). The optimal values of the textured 0.005Er–BCTZ
thick film are Pr = 12.45 μC/cm2, Ec = 0.63 kV/mm,
and d33 = 343 pC/N. Probably due to comparatively
lower relative densities (Table 1) and deviation from
MPB by the addition of BT template during the
texturing process, the enhancement of d33 values of the
textured xEr–BCTZ thick films is not as significant as
the reported pure textured BCTZ ceramics [20].
Nevertheless, the textured Er–BCTZ thick films still
own larger piezoelectric coefficients compared with
those pure BCTZ thick films prepared by screen
printing [16,41]. Combined with UC PL feature and
good di-/piezo-/ferroelectric properties, the textured
Er–BCTZ thick films show potential in multifunctional
optoelectronic applications.
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Fig. 7 P–E hysteresis loops of (a) randomly oriented and (b) textured xEr–BCTZ thick films; (c) dependence of Pr and Ec on x;
(d) comparison of piezoelectric coefficients d33 of different thick films.

4

Foundation of China (No. 51602055) and the Natural
Science Foundation of Fujian Province (No. 2019J01228).

Conclusions

The randomly oriented and textured lead-free xEr–BCTZ
thick films were synthesized by the tape-casting
method. All the samples exhibit the characteristics of
relatively dense (> 93%) and uniform microstructure.
A high texture fraction (up to 83.5%) was realized via
introducing BT templates. Appropriate doping amount
of Er3+ can impart the PL performance, promote the
compactness, and also increase d33, Pr, and εr values.
The specimens with x = 0.01 exhibits strongest UC
emission intensity. Due to the increased light-scattering
induced by larger pores, the PL intensities of textured
thick films are generally lower. Compared to randomly
oriented counterparts, the textured thick films exhibit
larger Pr, smaller Ec, and higher d33 because of larger
grain size and high degree orientation, giving the
optimal values of Pr = 12.45 μC/cm2, Ec = 0.63 kV/mm,
and d33 = 343 pC/N. The textured thick films can be a
promising candidate for optoelectronic devices.
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